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Abstract: The properties of CdS nanoparticles incorporated onto mesoporous TiO2 films by a successive ionic 
layer adsorption and reaction (SILAR) method were investigated by Raman spectroscopy, UV-visible 
spectroscopy, transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS). High 
resolution TEM indicated that the synthesized CdS particles were hexagonal phase and the particle sizes were 
less than 5 nm when SILAR cycles were fewer than 9. Quantum size effect was found with the CdS sensitized 
TiO2 films prepared with up to 9 SILAR cycles. The band gap of CdS nanoparticles decreased from 2.65 eV to 
2.37 eV with the increase of the SILAR cycles from 1 to 11. The investigation of the stability of the CdS/TiO2 
films in air under illumination (440.6 µW/cm2) showed that the photodegradation rate was up to 85% per day for 
the sample prepared with 3 SILAR cycles. XPS analysis indicated that the photodegradation was due to the 
oxidation of CdS, leading to the transformation from sulphide to sulphate (CdSO4). Furthermore, the 
degradation rate was strongly dependent upon the particle size of CdS. Smaller particles showed faster 
degradation rate. The size-dependent photo-induced oxidization was rationalized with the variation of size-
dependent distribution of surface atoms of CdS particles. Molecular Dynamics (MD) simulation has indicated 
that the surface sulphide anion of a large CdS particle such as CdS made with 11 cycles (CdS11, particle size = 
5.6 nm) accounts for 9.6% of the material whereas this value is increased to 19.2% for (CdS3) based smaller 
particles (particle size: 2.7 nm). Nevertheless, CdS nanoparticles coated with ZnS material showed a 
significantly enhanced stability under illumination in air. A nearly 100% protection of CdS from photon induced 
oxidation with a ZnS coating layer prepared using four SILAR cycles, suggesting the formation of a nearly 
complete coating layer on the CdS nanoparticles.  
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1. Introduction 
Cadmium sulphide (CdS) is a II-VI semiconductor compound with a direct band gap of around 2.4 eV for a bulk 
material. Due to its unique optical, electronic and magnetic properties, CdS has been extensively investigated in 
applications such as photovoltaic devices (Wang et al. 2010; Jung et al. 2011; Lee et al. 2010), light emitting 
diodes (Wang et al. 2011; Sun et al. 2007), photocatalysis (Zhu et al. 2008; Yin et al. 2007) and high efficiency 
transistors (Ye et al. 2010) etc. In particularly it has been found that when the particle size of CdS is smaller 
than or comparable to its exciton Bohr radius (5.8 nm)(Wang et al. 1991), the band gap increases with 
decreasing particle size owing to quantum confinement effect. Nanoparticles with such features are normally 
called Quantum Dots (QDs). The unique property of QDs has made them very attractive for many applications 
including photovoltaic technologies. Among them, QD-sensitized solar cells have attracted much attention 
recently due to their potential for achieving panchromatic light absorption (Hodes 2008; Zhang et al. 2011; Peter  
2011.; Lee et al. 2009; Lee et al. 2010). In this type of solar cells, inorganic semiconductor nanocrystals are 
used to replace conventional organic molecule based light absorber.  
However, one of the challenges for producing high performance CdS-sensitized solar cells is to incorporate CdS 
material onto TiO2 film effectively and to achieve both a good interface contact at the CdS/TiO2 heterostructure, 
which will ensure efficient electron separation and injection, and a high CdS nanocrystals coverage, giving high 
light absorption. A method based on successive ionic layer adsorption and reaction (SILAR) has demonstrated 
merit in fabricating high performance CdS-sensitized solar cells owing to its simplicity in experimental 
manipulation, reasonable CdS coverage, as well as good controllability and reproducibility compared to other 
methods (Lee et al. 2009; Lee et al. 2010; Ruhle et al. 2010; Im et al. 2011; Cheng et al. 2012). The SILAR 
method is based on the strategy of immersion of a substrate into cationic and anionic precursors of a compound 
separately to adsorb cations and anions on the immersed surface. The interaction between the adsorbed cations 
and anions leads to the formation of target material. The particle size of the material increases with the increase 
of the number of SILAR cycles. The growth kinetics is usually described by ion-by-ion growth mechanism 
(Nicolau, et al. 1988). However, it is controversial whether CdS nanocrystals prepared by SILAR method 
exhibit quantum confinement effect (Hodes 2008). Clarification of this issue is very important for tailoring 
materials with desired properties and designing new structure for high performance photovoltaic devices.  
Stability is another major challenge for the application of CdS semiconductor material in practice. Previous 
studies have shown that the photoactivity of CdS reduced rapidly due to photon-induced oxidation (Spanhel et 
al. 1987). Nevertheless, a systematic investigation of the correlation between the photodegradation rate of CdS 
with its particle size has not been reported although such research is very important.  
Previous research has shown that the photodegradation of CdS can be suppressed using a protective layer based 
on large band gap semiconductors such as SiO2 (Correa-Duarte et al. 1998). Because of the concern of negative 
effect of SiO2 on charge transport of QDs-based devices, ZnS has been employed as a protective material for 
QDs (mainly CdSe)-sensitized solar cells from corrosion by I-/I3- redox couple based liquid electrolyte (Hodes 
2008, Guijarro et al. 2011; Shen et al. 2008). In contrast, the study on the photostability of CdS particles in air 
using ZnS coating is very limited. This work aims to clarify three questions that are closely relevant to the 
application of CdS semiconductor in devices: 1) whether CdS particles prepared by SILAR method possess the 
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property of quantum size effect; 2) the correlation between the photo-degradation rate and the particle size of 
CdS; 3) the impact of ZnS coating on the photostability of CdS nanoparticles deposited on mesoporous TiO2 
films. 
2. Experimental details 
All the chemicals employed in this work were provided by Sigma-Aldrich unless otherwise stated. 
2.1 Preparation of TiO2 films 
TiO2 film was deposited onto a fluorine doped tin oxide conductive glass (FTO, TEC15, Pilkington) by 
following the previous procedure reported by us (Wang et al. 2012; Wang et al. 2010). Briefly a commercial 
paste (DSL 18NR-T, Dyesol) was doctor-bladed onto a FTO substrate using a scotch tape as spacer. The film 
was allowed to relax in air for a few minutes to improve the uniformity, and was then dried on a hotplate at 100 
°C for 15 minutes before being sintered at 500°C for 30 minutes to remove the organic materials. The film was 
transparent and had thickness of 6.5 µm on average. 
2.2 Preparation of CdS coated TiO2 films 
The prepared TiO2 film was dipped into a methanol/deionized water (1:1, V/V) solution containing 0.02 M 
Cd(NO3)2.4H2O for one minute to allow Cd2+ to be adsorbed onto the film. The film was then rinsed with 
methanol and blow dried with nitrogen gas before being immersed into a methanol/deionized water (1:1, v/v) 
solution containing 0.02 M Na2S.9H2O for one minute to adsorb S2-. The adsorbed S2- reacted with Cd2+ to form 
CdS compound which was anchored onto the TiO2 film. The film was further washed with methanol to remove 
the excessive material to complete one SILAR cycle. Repeating the above procedure increases the uploading of 
CdS material on the TiO2 film. The whole experiment was conducted at room temperature (18 - 20°C). 
2.3 Preparation of ZnS/CdS/TiO2 film 
ZnS material that was coated onto the CdS/TiO2 film was prepared by SILAR method at room temperature as 
well. Aqueous solutions containing 0.1M Zn(CH3COO)2.2H2O and 0.1M Na2S.9H2O were employed as Zn2+ 
and S2- source respectively. The prepared CdS/TiO2 film was dipped into the zinc precursor solution and the 
sulphide aqueous solution for one minute in sequence to complete one SILAR cycle. The film was rinsed with 
deionized water and blow dried with air between the dippings.  
2.4 Characterisation 
The Raman spectrum of the as-prepared film was obtained with a Raman spectrometer (Renishaw) using 532 
nm laser excitation source. The light absorption of the film was measured using a UV-Visible-NIR 
spectrophotometer (Varian Cary 5000) in the range 300 - 800 nm. A bare TiO2 film with the same thickness was 
used to obtain the background absorbance. The optical band gap was determined by extrapolating the line which 
was used to fit the long wavelength edge of the UV-visible spectrum of the films to zero absorption.  For 
investigation of the photodegradation of the CdS/TiO2 films, films that were stored in air were illuminated under 
fluorescent light with an average power density of 0.44 mW/cm2. The illumination intensity was determined 
with an Optical Meter (1918-C, Oriel) with a calibrated thermopile detector (818P, Oriel). The atomic 
composition and weight percentage of CdS was determined by energy dispersive X-ray analysis (EDX). X-ray 
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photoelectron spectroscopy (XPS) was employed to monitor the change of the surface of CdS/TiO2 films before 
and after light exposure. The XPS measurement was performed on a Kratos AXIS Ultra with a monochromatic 
Al X-ray source at 150 W. The XPS spectra of the films were normalized using the fixed energy position of C1s 
at 284 eV. The morphology, lattice structure and the average size of the as-synthesized CdS particles were 
determined by a transmission electron microscope (TEM) (JEOL, JEM-2100). Because of the high roughness of 
the TiO2 film consisting of 20 nm sized TiO2 crystals, leading to a low contrast in terms of crystal sizes between 
TiO2 and CdS, it was very difficult to scrutinize the CdS nanoparticles grafting on TiO2 particles by TEM 
clearly. This issue has also been discussed by Guijarro et al and Lee et al previously (Guijarro et al. 2011; Lee 
et al. 2010.).  To solve this problem, CdS nanoparticles were directly deposited onto a copper grid by SILAR 
method for TEM measurement instead of mesoporous TiO2 films in this work. The copper grid was dipped into 
the same Cd2+ and S2- precursor solutions which were used to fabricate CdS/TiO2 films.  
2.5 Molecular Dynamics Simulation of CdS Nanoparticles 
The structure parameters of hexagonal wurtzite CdS crystal for Molecular Dynamics (MD) simulation was 
constructed using a = 0.416 nm, and c = 0.661 nm (Grünwald et al. 2012). It is known that each atom has a 
coordination number (CN) of 4 for a perfect wurtzite structure whereas atoms that are located around surface 
have a CN less than 4. Based on this fact, the number of surface atoms of sulphur and cadmium were calculated 
by MD simulation. 
3. Results and Discussion 
3.1 Size variation of CdS particle with SILAR cycles 
EDX analysis at several areas (not shown) of the as-synthesized CdS/TiO2 films confirmed that the atomic ratio 
of Cd:S was 1:1, indicating the prepared CdS was stoichiometric and the distribution of CdS nanoparticles on 
the TiO2 films was homogeneous. The formation of CdS compound was further confirmed by Raman 
spectroscopy (Figure 1(a)). In comparison to the bare TiO2 film, the CdS coated TiO2 film showed two 
additional peaks with Raman shift at 300 cm-1 and 600 cm-1 respectively. The peak at 300 cm-1 is attributed to 
the longitudinal optical (1LO) phonon mode of CdS and the peak at 600 cm-1 is due to its overtone (2LO) 
(Balandin et al. 2000). It has been reported that the 1LO and 2LO vibration modes of bulk CdS are located  at 
305 cm-1 and 605 cm-1 respectively (Abdulkbadar et al. 1995). The systematic blue-shift of the phonon peaks of 
the synthesized CdS material is due to the spatial photon confinement effect (Balandin et al 2000; Abdulkbadar 
et al. 1995).  
The crystal structure of CdS material made with 11 SILAR cycles (CdS11) was analysed by high resolution 
TEM (HR-TEM). Figure 1(b) shows a typical HR-TEM image of the CdS material. The CdS crystals show a 
prolate shape. The lattice fringes of the crystals can be seen clearly, suggesting a good crystallinity of the 
material. The measurement of the interplanar spacing, d, from the lattice fringes shows d = 0.336 nm. This value 
can be ascribed to either the lattice spacing of {111} inter-planes of cubic phase CdS (d{111} = 0.335 nm) or the 
spacing of {002} inter-planes of hexagonal CdS (d{002} = 0.336 nm). In order to clarify the crystal structure of 
CdS, the electron diffraction pattern of the material was recorded. As shown in Figure 1(c), the electron 
diffraction pattern of CdS appears in continuum ring, indicating the polycrystalline nature of the material. The 
lattice spacings between different diffraction planes determined from the diameter of the first five rings confirm 
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that the CdS adopts a hexagonal structure. Explicitly, the calculated d-spacings are d{002} = 0.336 nm, d{110} = 
0.207 nm, d{112} = 0.177 nm, d{210} = 0.135 nm and d{213} = 0.116 nm, which are in good agreement with the 
corresponding d values of hexagonal phase CdS (Razik, 1987.). However, this result differs from what was 
reported by Cheng et al who observed both cubic phase and hexagonal phase CdS (Cheng et al. 2012). The 
different crystal phases are probably due to the different sizes of crystals analyzed by HR-TEM. It has been 
reported that the crystal phase of CdS depends on the crystal size. Smaller CdS crystallites tend to show cubic 
lattice structure whereas larger crystallites normally have hexagonal structure (Gaponenko, 1998; 
Bandaranayake, et al. 1995). The CdS crystals shown above were made with 11 SILAR cycles whereas the CdS 
crystals shown in Cheng et al’s work were made with only 4 SILAR cycles. 
 
         
          
(a)                                                                           (b) 
 
 
                                                                              (C) 
Figure 1.  (a): Comparison of Raman spectrum of TiO2 films with and without CdS; and (b): HR-TEM image of 
CdS particles and (c): selected area electron diffraction pattern of CdS material. 
 
The TEM images of CdS particles made with different SILAR cycles (CdS  × n, n is the number of SILAR 
cycles and n = 3, 5, 7, 9) are shown in Figure 2 (a, c, e, g). The corresponding histograms of size distribution of 
the particles are also shown along with the TEM images. The size distribution was determined based on the 
measurement of 200 CdS crystals. It is worth to note that the aggregates consisting of small crystals are not 
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taken into account for the determination of the crystal size. It can be seen that the crystals are tiny and are 
sparsely distributed for (CdS ×3) (Figure 2(a)). For clarity, the HR-TEM picture of (CdS × 3) is also shown in 
the inset of Figure 2(a). It is found that most crystals have sizes less than 3 nm and the average crystal size is 2.7 
±0.4 nm as indicated in the histogram (Figure 2(b)). With the increase of SILAR cycles, the nanocrystals grow 
and the crystal size increases. The average crystal size is increased to 3.6 ±0.4 nm for CdS  7 (Figure 2(e, f)) 
and further to 4.7 ±0.6 nm for CdS  9 (Figure 2(g, h)). In the meantime, the density of the particle on the 
copper grid substrate is increased with the increase of the SILAR cycles. For (CdS×9), the copper grid is nearly 
completely covered by CdS nanocrystals (Figure 2(g)).  
 
                                      
(a)                                                                                     (b) 
                                       
                                                  (c)                                                                                          (d) 
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                                           (e)                                                                             (f) 
                                         
                                              (g)                                                                                    (h) 
Figure 2. TEM images and corresponding histogram showing size distributions of CdS particles deposited with 
different number, n, of SILAR cycles (CdS  n). (a, b): n = 3; (c, d) n = 5; (e, f) n = 7 ; (g, h) n = 9. 
The surface coverage ratio of CdS particles on TiO2 film was estimated based on the qualitative analysis of the 
energy dispersive X-ray spectroscopy (EDX) of CdS and TiO2 in the film. 1 g of CdS/TiO2 film was used for the 
100% EDX measurement. For simplicity, it is assumed that the crystals of both CdS and TiO2 (20 nm) have 
cubic shape and one monolayer CdS crystals are closely packed on the surface of TiO2 particles which separate 
from each other. The available surface areas of CdS and TiO2 are determined through the number of crystals and 
the surface area per crystal. We use TiO2 as an example to show how this method works. EDX showed that for 
the film based on (CdS 3)/TiO2, the mass of TiO2 in the film was 0.978g. The volume (VTiO2) of a 20 nm sized 
cubic TiO2 crystal is 8 10-24 m3 (20  20  20 nm3). Using the information of the density of anatase TiO2 (d = 
3.84 g/cm3), the mass per crystal is determined to be 3.07 10-17 g/crystal. Therefore, the number of crystal for a 
0.978 g TiO2 is 3.18 1016 (0.978/(3.07 10-17)). Because the surface area of a 20 nm sized TiO2 crystal (a = 20 
nm) is 2.410-15 m2 (STiO2 = 6a2), the surface area of 0.978 g TiO2 powder should be 76.32 m2 (2.410-15 m2 
/crystal  3.18 1016 = 76.32 m2), which is in excellent agreement with the specific surface area of the TiO2 
material determined by BET measurement (specific surface area = 79.2 m2/g) (Wang et al. 2012). The good 
agreement between the estimated surface area of TiO2 and the measured value confirms the validity of this 
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method for estimation of the surface area of a material. Similarly, the surface area of CdS in the film was 
determined. The surface coverage ratio (SCR) is taken to be the ratio of the surface area of CdS to that of TiO2 
with the porosity (50%) of the film taken into account. The SCR of CdS with different SILAR cycles was 
determined to be 6.18% for CdS 3; 14.6% for CdS 5; 20.6% for CdS 7; and 20.5% for CdS 9. It is noticed 
that the surface coverage ratio of 7 SILAR cycles is similar to that of 9 cycles, suggesting the nearly adsorption 
saturation of CdS on the TiO2 film. This phenomenon could be due to the slower growth of CdS with SILAR 
cycles beyond 7 because of the blockage of the pores of the TiO2 film by CdS nanoparticles that were deposited 
on the surface of the film, which hinders the penetration of the precursor solutions into the bulk of the film.  
3.2 Quantum size effect of CdS particles 
The dependence of the average particle sizes of CdS on the SILAR cycles used for material preparation is listed 
in Table 1. As can be seen, the average particle sizes are less than 5 nm for the SILAR cycles fewer than 9. It is 
known that the exciton Bohr radius of CdS is 5.8 nm (Wang et al 1991). Therefore it is expected that the 
CdS/TiO2 films made with fewer than 9 SILAR cycles should exhibit a size-dependent optical band gap, a 
unique identifying feature for semiconductor quantum dots. 
 
Table 1.   Average particle size and band gap of CdS prepared with different SILAR cycles. The error bar for 
the optical band gap is 0.01 eV. 
SILAR cycles 
Bandgap 
(eV) 
Average particle size  
(nm) 
3 
5 
7 
9 
11 
2.65 
2.61 
2.55 
2.44 
2.37 
2.7±0.4 
2.9±0.3 
3.6±0.4 
4.7±0.6 
5.6±0.5 
 
To confirm this hypothesis, the UV-Visible absorption spectra of the (CdS  n)/TiO2 films were measured. As 
shown in Figure 3(a), the UV-Visible spectra of all the films have a strong absorption peak at around 388 nm 
with a long tail extending to the visible region. The band gap of the films is determined by extrapolating the 
fitting line of the onset light absorption to zero. The result shows that the band gap of the (CdS 1) /TiO2 film is 
2.63 eV, which is 200 meV larger than that of the bulk CdS (Eg = 2.4 eV) (Vogel et al. 1994). With increasing 
SILAR cycles, the onset absorption of the films is red-shifted from 472 nm to 524 nm, indicating a decrease of 
the band gap. The band gap decreases to 2.43 eV for (CdS  9) and further to 2.37 eV for (CdS 11), which is 
close to the band gap of bulk CdS. The dependence of the band gap of CdS with the number of SILAR cycles 
used to prepare the CdS material is shown in Figure 3(b). This result confirms that the CdS prepared by a 
limited SILAR cycles does possess a quantum confinement effect. In order to illustrate this quantum size effect 
more clearly, the relationship of the optical band gap and the average particle size of CdS made by different 
SILAR cycles is shown in the inset of Figure 3(b). The trend that the smaller is the particle size, the larger is the 
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band gap clearly demonstrates the quantum confinement characteristics of the CdS nanoparticles. The 
dependence of the optical band gap on the particle size observed in this work agrees well with previous data 
reported by Wang et al (Wang et al, 1991).  
Meanwhile, it is observed that the maximum light absorbance of the CdS /TiO2 film at around 388 nm increases 
nearly four-fold with the increase of the SILAR cycles from 1 to 3. In contrast, the enhancement in the light 
absorption is less pronounced when the SILAR cycle is increased from 3 to 11. The increase of the light 
absorption should be attributed to the increase of CdS content in the TiO2 films. It is very likely that the strong 
association between CdS and TiO2 benefits the faster deposition of CdS on the films in the first few SILAR 
cycles. This assumption is consistent with the proposed growth mechanism of CdS on TiO2 by Lee et al (Lee et 
al 2010). According to Lee et al, the growth of CdS on TiO2 particles is initiated by the adsorption Cd2+ and S2- 
on bare TiO2 surface in the first or second SILAR cycles. The Cd2+ and S2- ions delivered in the next cycles are 
then accumulated on the CdS thin layer. Because of the less-strained condition between Cd2+ and S2- ions with 
TiO2 particle, CdS nucleation is accelerated and grown to small dots as shown in Figure 2 (a, c, e, g). The 
enhancement of the CdS loading on TiO2 film is also demonstrated by the evolution of the colour of the film, 
which changed from white to yellow with the increase of the SILAR cycles.  
In addition, besides the UV-visible absorption peak at 388 nm, a weak absorption with peak around 705 nm is 
also found with the CdS/TiO2 films (one example is shown in the inset of Figure 3(a)). It is probably due to the 
electron coupling between TiO2 and CdS heterostructure since such peak was not observed when using bare 
FTO as substrate for the deposition of CdS nanoparticles. Because CdS has a more negative conduction band 
(Ecb = -0.7 eV vs NHE) than the anatase phase based TiO2 film (Ecb = -0.5 eV vs NHE) (Vogel et al. 1994; Wang 
et al. 2011), an effective electron transfer from CdS to TiO2 is expected.  
          
(a)                                                                                (b) 
Figure 3: (a) UV-Visible absorption spectrum of (CdSn where n is the number of SILAR cycles); and (b) the 
dependence of optical band gap of CdS material on the number of SILAR cycles. Inset in (a): UV-visible 
spectrum of CdS coated TiO2 film in the range 650 – 800 nm; and inset in (b): Dependence of the optical band 
gap of CdS on the particle sizes. 
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The attempts to obtain both the XRD pattern and photoluminescence (PL) spectrum of freshly prepared CdS 
samples were failed. It is attributed to the small size of the CdS nanocrystals and the highly dispersion of CdS 
on the TiO2 film (Cheng et al, 2012). Moreover, Guijarro et al have reported that the intensity of emission 
spectrum of CdSe quantum dots was significantly reduced when grafting on the surface of TiO2 particles 
compared to that of CdSe colloidal dispersion (Guijarro et al. 2011). It was explained by the existence of more 
favourable electron transport pathway between CdSe QDs and TiO2, leading to an effective charge separation 
that quenches the intrinsic radiative recombination of CdS. Energetically, the electron transfer from CdS to TiO2 
is even more favourable than that from CdSe to TiO2 because of the relatively higher conduction band edge of 
CdS than that of CdSe, which provides a higher driving force for charge transfer. Therefore, a more severe 
quenching effect of TiO2 on the PL spectrum of CdS is expected. This could be another reason for the failure of 
the detection of the PL spectrum of CdS that were coated on TiO2 film. 
3.3 Photodegradation investigation 
The UV-visible spectra of (CdS ×3)/TiO2 films which were exposed to fluorescent light in air for different 
period (0 - 24 h) are shown in Figure 4 (a). It is found that the peak at 388 nm decreases significantly with the 
increase of the exposure duration. After light exposure for 24 h, the absorbance of CdS/TiO2 film at 388 nm is 
reduced to be only about 10% of that of the fresh material and the peak becomes less distinguishable. Moreover, 
it is observed that, after light exposure, the onset of absorption of the films is slightly blue-shifted. Similar 
phenomenon was also reported with colloidal CdS solution. The blue-shift peak absorption is caused by the 
reduced size of CdS crystals during photo-induced degradation process (Spanhel et al. 1987). Nevertheless, in 
contrast to (CdS×3), (CdS×5) shows a slower degradation rate since 40% of the original light absorbance is 
remained after 24 h light exposure (Figure 4(b)). The degradation rate is further reduced to be around 20% for 
(CdS ×7) for the same period of light exposure. The degradation rates of different (CdS × n) /TiO2 films are 
summarized in Table 2. It suggests that the photo-induced degradation of CdS material strongly depends on the 
particle size. To the best of our knowledge, this is the first time that this phenomenon has been observed. The 
element analysis by EDX has revealed that the atomic ratio of Cd/S in the films did not change after light 
exposure. However, the content of oxygen in the film was increased after light exposure in air, suggesting the 
incorporation of oxygen in the film.  
            
                                         (a)                                                                                 (b)        
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Figure 4. UV-visible spectra of TiO2 films deposited with CdS particles made with different number, n, of 
SILAR cycles (CdS  n) (a): n = 3 and (b): n = 5 with variable light exposure duration. 
 
Table 2. Degradation rate of (CdS × n)/ TiO2 film where n denotes the SILAR cycles. 
CdS× n Degradation rate per day  
CdS ×3 
CdS×5 
CdS×7 
CdS×9 
85% 
59.8% 
17.7% 
19.3% 
 
Previous study by Spanhel et al has shown that photo corrosion of colloidal CdS occurs only under the presence 
of both oxygen and light (Spanhel et al. 1987), causing the oxidization of sulphur ion as shown in the following: 
      
The transformation of sulphide to sulphate after light exposure of CdS has also been confirmed by XPS in 
this work. Figure 5 shows the binding energy in the range 155-175 eV of a (CdS×7)/TiO2 film before and 
after light exposure for six days. A peak at 161.3 eV was detected with the fresh sample, which 
corresponds to the binding energy of S 2p3/2(Lee et al. 2009).   However, this peak became very weak and 
a new strong peak at 168.7 eV was found for the film with six day’s light exposure. The new peak is 
ascribed to the binding energy of sulphate sulphur (Lichtman et al. 1981). Since XPS is a surface sensitive 
technique and usually detects the information on top 1-10 nm of the material, we can claim that at least the 
surface sulfide was transformed to sulphate during the photodegradation process, leading to the decrease 
of the light absorption and the blue-shift of the UV-Visible spectra of the films as shown in Figure 4(a, b).  
Fundamentally, the photo-induced degradation of semiconductor QDs is explained by a hole-induced 
oxidization mechanism (Hines et al.2012). Under illumination, QDs generate electrons that are then 
scavenged by surface adsorbed oxygen, leaving holes in the QDs. In the absence of efficient hole 
scavenger, the accumulated holes induce surface oxidization of QDs. Apparently, the reduced oxygen 
species can directly participate in the oxidation of sulphide (S2-) to form sulphate (SO42-) in our case. In 
the above process, surface chemistry plays a critical role in determining the photodegradation rate because 
the oxidization reaction is influenced by the content of surface sulfide of CdS particles. A higher content 
of surface sulfide will lead to a faster photodegradation. Since the distribution of surface atoms of a 
particle is reversely proportional to the particle size (Nozik et al, 2010), the smaller particle should have a 
higher content of surface atoms. Molecular Dynamics (MD) simulation has been used to estimate the 
distribution of surface sulfide and Cd2+ of CdS with variable sizes. The preliminary results are shown in 
Table 3. As can be seen in Table 3, the surface sulfide of a 2.7 nm sized CdS QDs (CdS 3) accounts for 
19.2% of the total atoms of QDs. This value is decreased significantly with the increase of the crystal size. 
  24
2
22 SOCdOCdS
hv
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For 4.7 nm (CdS 9) and 5.6 nm sized CdS (CdS11), the surface S accounts for 11.2% and 9.6% of the 
QDs respectively. As a consequence of the higher content of surface sulfide, the film consisting of smaller 
CdS particles has a faster photo degradation rate compared to the larger particles.  
 
Figure 5. Comparison of the binding energy of sulphur of (CdS ×7)/TiO2 film before (fresh sample) and after six 
days light exposure. 
Table 3. Distribution of surface atoms of CdS with variable sizes by Molecular Dynamics simulation. 
CdS Particle size 
(nm) 
Surface S  
anion (%) 
Surface Cd  
cation (%) 
Total number of 
atoms  
2.7 19.22 18.98 411 
2.9 16.86 18.99 516 
3.6 14.99 14.27 981 
4.7 11.21 11.40 2176 
5.6 9.64 9.5 3704 
 
3.4. Surface passivation of CdS 
In order to reduce or even prevent the photodegradation of CdS nanoparticles, one of the strategies is to coat 
CdS material with a thin layer large band gap material such as SiO2 (Correa-Duarte et al, 1998). SiO2 is a non-
conductive material however, which may suppress the charge transfer from CdS to adjacent TiO2. Therefore, 
ZnS has been employed to act as protective layer for quantum dots such as CdSe used in sensitized solar cells to 
reduce the corrosion by I-/I3- redox couple (Shen et al. 2008). It is necessary to know whether ZnS coating can 
completely prevent the photo-induced oxidization of CdS in air or not. This was tested by coating the CdS/TiO2 
films which showed the fastest degradation rate with ZnS prepared with different SILAR cycles (ZnS n, where 
13 
 
n is the number of SILAR cycles used for material synthesis). As shown in Figure 6(a), in comparison to the 
UV-Visible absorption spectrum of (CdS×3) and that of (ZnS×2)/(CdS×3), it is observed that the light 
absorption of CdS is barely affected by the ZnS coating prepared by 2 SILAR cycle (ZnS×2). Nevertheless, as 
indicated by the UV-Visible spectrum of the ((ZnS×2)/(CdS×3)_24h) (Figure 6(a)), the absorption peak of CdS 
at 388 nm is still very strong after 24 h light exposure for the film with two SILAR cycles of ZnS coating. The 
degradation rate of the (ZnS×2)/(CdS×3) film was 32% per day (24h), which is much lower than  the 
degradation rate of the same film without coating (85% per day for bare (CdS × 3)). Similar effect was also 
found with (CdS ×5) as well. The degradation rate was reduced from 60% to 10% by the (ZnS × 2) coating layer 
(not shown). By increasing the thickness of ZnS coating layer through increasing the number of SILAR cycles 
to four to form (ZnS4)/(CdS5) based film, the variation of the UV-Visible spectrum of the film with different 
light exposure duration is shown in Figure 6(b). It is found that the degradation rate of the film was further 
reduced to 4% after 30 h continuous light exposure in air. It is noticed that the 4% decrease of the maximum 
light absorbance of the (ZnS ×4)/(CdS×5) mainly occurred in the first one hour light exposure. Since then, the 
spectrum became stable. The small degradation could be due to the small amount of CdS particles that were still 
exposed to air. As a whole, it has been demonstrated that the ZnS coating can significantly enhance the 
photostability of CdS in air.  
      
(a)                                                                               (b) 
Figure 6. UV-Visible absorption spectra of (a): (ZnS×2)/(CdS×3)/TiO2 film and (b): (ZnS×4)/(CdS×5)/TiO2 
film with variable light exposure duration. 
The growth of ZnS on the surface of CdS particles also follows ion-by-ion growth mechanism. It essentially 
consists of specific adsorption of Zn2+ cations on the S2- site of CdS crystal followed by reaction with S2- anions 
of the precursor solution to form ZnS (Nicolau et al. 1988). The ZnS nanocrystals grow with the increase of 
SILAR cycles. The reason that ZnS can form a good coating layer outside CdS particles is probably related to 
the matched crystal structure of the two materials. The lattice spacings of {100} planes of ZnS (d{100} = 0.332 
nm for ZnS) is similar to that of {111} planes of  CdS with cubic phase (d{111} =0.335 nm for cubic phase CdS), 
which make it easier for the growth of ZnS on CdS. This hypothesis has been confirmed by the HR-TEM 
images reported by Cheng et al. The HR-TEM images have clearly shown that the {100} planes of ZnS crystal 
are connected to the {111} planes of CdS (Cheng et al. 2012).  
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Conclusion 
This work has systematically investigated the property of CdS nanoparticles which were deposited onto 
mesoporous TiO2 films by a SILAR method. Quantum size effect was observed with the CdS nanoparticles that 
were synthesized with less than 9 SILAR cycles. Investigation of the photodegradation process of the CdS/TiO2 
film showed that the photodegradation rate was strongly dependent on the particle size of CdS. A faster 
degradation rate was found with the material with smaller size. XPS analysis confirmed that the photo-corrosion 
was due to the transformation of surface sulfide to sulphate under illumination in air. However, applying a thin 
layer of ZnS coating on the CdS/TiO2 films reduced the rate of photodegradation significantly. A nearly 100% 
protection from the photodegradation was achieved when the ZnS layer was prepared with four SILAR cycles. 
The size dependent photo-induced oxidization of CdS was explained with the size-dependent distribution of 
surface atoms of QDs. Compared to larger particles, smaller particles have higher content of surface sulphide, 
leading to a faster degradation rate. The above observations will be very useful for the fabrication of high 
performance devices such as solar cells using CdS nanocrystals. 
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